This paper proposes a novel guidance magnet with 7 magnet poles for application in high speed maglev train. Its configuration and working principle are introduced in detail. Mathematical models of the guidance force and moment are established accurately by equivalent magnetic circuit method (EMCM), from which the relationships of guidance force -control current -guidance gap and moment -current changeangular deflection are derived. Finite element method (FEM) is also applied to analyze the performances and characteristics of the novel guidance magnet. The analysis results are in good agreement with those calculated by EMCM, which is helpful in designing, optimizing and controlling the guidance system. The comparisons are carried out between the novel and conventional guidance magnets. The contrast results indicate that the proposed novel guidance magnet possesses better performances compared to the conventional structure, especially the superior guidance capability and lower power loss. Finally, the relationship of guidance forcecontrol current under the nominal guidance gap is validated by a test bench for magnet performance.
I. INTRODUCTION
Nowadays magnetic suspension technology is widely employed in various fields of high speed rotating and linear motions due to its advantages of no friction, micro vibration, high precision and long service life. For the rotating motion, the magnetic bearing is always taken as a core component and applied in magnetically suspended motor, magnetically suspended flywheel and magnetically suspended control moment gyroscope [1] - [3] . For the linear motion, the levitation and guidance magnets are applied in maglev train which has been researched for a long time and realized commercial operation in many countries such as China, Japan, South Korea and so on [4] - [6] . According to the operation speed, maglev train can be classified into middle-low speed train whose maximum speed doesn't exceed 200km/h and high speed train whose maximum speed can reach 500km/h. The associate editor coordinating the review of this manuscript and approving it for publication was Xue Zhou.
Generally, a U-type magnet acts as the levitation components maintaining the stability in the middle-low speed maglev train [7] , [8] . In this scheme, the levitation and guidance magnets are integrated into the U-type magnet. The levitation function is controlled actively, but the guidance function is achieved passively [9] . It's the absence of guidance magnet and corresponding control system that simplifies the vehicle configuration and reduces the power loss. However, the passive guidance capability is a little weak, so it's just available for the middle-low speed operation. The lateral loads will increase with the speed increasing, so it's difficult for passive guidance structure to guarantee the lateral stability of the train. In [10] , [11] , researchers consider to add an active control guidance system to the existing system. And then one more U-type magnet on purpose of enhancing the guidance force is designed and arranged at the side of F-type track, but there's a strong coupling between levitation and guidance system.
For high speed maglev train, there are two technical routes including EDS SC-Maglev from Japan and EMS Transrapid from German. The SC-Maglev L0 in Japan is in the trial operation stage whose maximum experiment speed reaches 603km/h and expected to be available commercially in 2027. The EMS Transrapid TR08 manufactured by German has been operating commercially for near 18 years in Shanghai, China, whose maximum experiment speed reaches 505km/h and maximum operation speed reaches 430km/h. Considering the high speed operation, a 6 poles guidance magnet are applied in TR08 as well as levitation magnet and the corresponding control systems are decoupling through the flexible mechanical connection [12] - [14] . In contrast to the passive guidance structure in middle-low speed maglev train, the active control system and the independent guidance magnet possess a better response performance and higher guidance capability [15] - [17] . It's exceptionally significant for maglev train to provide an active guidance force in real time when it negotiates the curve passage of track with a high speed [18] .
Although the application of the 6 poles guidance magnet shown in Fig. 1 ensures the stable operation for high speed maglev train, it increases the overall weight and power loss at the same time. Furthermore, Human have the need for a higher operation speed such as 550km/h-600km/h. Therefore it's important to improve the performance of the conventional guidance magnet as well as reducing its weight through optimizing its mechanical and electromagnetic structures. The conventional guidance magnet owns 6 longer poles whose coil turns can't be raised within the restraints of space dimension. In this paper, more space is obtained by shortening the conventional pole for the raise of coil turns and pole numbers. Eventually, a novel guidance magnet is designed on basis of optimization of the conventional one.
II. CONFIGURATION AND WORKING PRINCIPLE A. CONFIGURATION
The configuration of the novel guidance magnet is shown in Fig. 2 , which mainly consists of 7 magnet poles, magnet yoke, wearing plate and back box girder. The magnet pole mainly includes iron core, Aluminum winding and insulation materials, which are covered and filled by epoxy resin to avoid short circuit caused by damp or other reasons. Considering mechanical strength and magnetic conductivity, the steel St52 is selected as the iron core of magnet pole. The magnet poles are clamped by the magnet yokes and fixed by screw bolts. The magnet yokes are the primary loaded components transferring the magnetic force in the guidance magnet. In addition, they participate in the magnetic circuits together with iron core of magnet pole and guidance plate. Similar to the iron core, the steel St52 is also applied on the magnet yokes. The back box girder made of aluminium alloy is installed on the magnet yokes for fixing the cables and connectors. Meanwhile, it can strengthen the stiffness and reduce the deformation of the guidance magnet. The wearing plates made of ferromagnetic material are fixed on the side of the magnet yokes, whose function is to protect the magnet poles and the magnet yokes from damaged when the guidance magnet touches the guidance plate in emergency. If the wearing plates are worn out, it's more efficient and economical to replace them rather than the whole guidance magnet.
B. WORKING PRINCIPLE
The distribution of magnet poles and sensors are schematically shown in Fig. 3 (a). The 7 magnet poles are divided into three groups wherein group 1 containing pole 1 and pole 2, group 2 containing pole 3 and pole 4, group 3 containing pole5, pole6 and pole7. The poles in each group are in series connection and compose a control circuit together with a controller and two sensors with a similar grouping method. The magnetic flux paths of the guidance magnet are schematically shown in Fig. 3 (b) . In the ideal state, maglev train maintain equilibrium with the nominal guidance gap. At this moment the guidance magnets located on both sides of the vehicle are in balance. In fact, the guidance magnet will be disturbed continuously when the vehicle is affected by crosswind or negotiates a curve passage of track.
While the guidance magnet on one side is disturbed and occurs a displacement in the +y direction, the guidance gaps become smaller, of which the flux densities increase, leading to guidance force increasing. Meanwhile the guidance gaps of the guidance magnet on the opposite side become larger and the flux densities decrease, leading to guidance force decreasing, when the original balance is broken. Then the sensors detect the motion and transmit a signal to the control system which will reduce the control current of the guidance magnet with the smaller gaps to weaken the flux densities, as well as increase the control current of the guidance magnet with the larger gaps to strengthen the flux densities. As a result, the resultant guidance force of the magnets on both side drives the vehicle to the equilibrium position.
III. PERFORMANCE ANALYSIS OF GUIDANCE MAGNET
In fact, the left and right half areas of the magnet are controlled independently due to its large length in y direction shown in Fig. 3 (a) , so the performances of two areas will be analyzed separately in the following. To establish the mathematic models accurately, the magnet is divided into four areas averagely according to the magnet poles distribution shown in Fig. 4 , wherein the left half area composed of area 1 and area 2, as well as the right half area composed of area 3 and Fig. 4 and Fig. 5 , on which the equivalent magnetic circuit is built base and shown in Fig. 6 . NI 1 , NI 2 and NI 3 are the ampere turns of the magnet poles in different groups. R lu , R ru , R lm , R rm , R ld and R rd are the reluctances of the guidance gaps at different locations. R fe1 and R fe2 are the reluctances of a quarter magnet yoke in the x direction. R fe3 is the reluctance of a quarter guidance plate in the x direction.
The reluctances can be calculated as
where s lu , s lm and s ld are the widths of the upper, middle and lower guidance gaps at the left half area respectively. s ru , s rm and s rd are the widths of the upper, middle and lower guidance gaps at the right half area respectively. x 0 denotes a quarter length of magnet yoke in the x direction. A u , A m and A d denote the areas of the upper, middle and lower guidance gaps respectively. A 1 and A 2 denote the cross section areas of magnet yoke and guidance plate respectively. u 0 is the permeability of vacuum. u r1 and u r2 are the relative permeability of magnet yoke and guidance plate respectively. To simplify the calculation, the equivalent magnetic circuit of the whole magnet is split into two separate parts and the reluctances between the left and right half area are ignored. The leakage fluxes are considered by an equivalent leakage coefficient with a constant value approximately and the effect for the leakage coefficient from guidance gap variation is ignored. In addition, the ferromagnetic materials are regarded as linear, of which the magnetic saturation is not taken into consideration.
A. GUIDANCE FORCE ANALYSIS OF LEFT HALF AREA 1) MATHEMATIC MODELING
The separated equivalent magnetic circuit of the left half area is shown in Fig. 7 , which has a mirror symmetry. The point A and point B are the equipotential points and the fluxes φ l1 , φ l2 and φ l3 of the corresponding reluctances are zero. Therefore, the partial circuit signed by the dotted line can be analyzed instead of the whole one.
The fluxes of different guidance gaps can be calculated as
where σ is the leakage coefficient of guidance gaps. By the principle of virtual work, the guidance force of the left area is expressed as
where A u = A d = hx 0 and A m = h m x 0 . h denotes the height of upper and lower guidance gaps. h m denotes the height of middle guidance gap. In the ideal state, the magnet just translates in the y direction, when the upper, middle and lower guidance gaps are coincident. In addition, we assume that the control currents are identical. Then substituting formula (1) to (4) into formula (5), the guidance force can be obtained as
Linearizing the formula (6), the following linearized equation of guidance force can be derived.
The first and second coefficients of equation (7) are the displacement stiffness K ls and current stiffness K li respectively and given by
where the I 0 and s 0 are the nominal control current and the nominal guidance gap respectively. The displacement stiffness and current stiffness can reflect the guidance capacity intuitively.
2) FEM MODELING
Considering the high precision of FEM in electromagnetic calculation, a 3D finite element model shown in Fig. 8 is established to validate the mathematical model. The main parameters of the guidance magnet are shown in Table 1 . The Solid96 elements and nonlinear materials whose permeability are defined by B-H curves are adopted in the 3D finite element model. As Fig. 9 shows, the characteristic of F l -I analyzed by EMCM has a good agreement with the FEM one when the control current is less than 35A. As the control current increases, the magnetic force calculated by EMCM becomes greater than the FEM one continually. The main reason is that the ferromagnetic materials start to appear magnetic saturation with the control current increasing, which has been ignored in EMCM but considered in FEM. For the characteristic of F l -s l , a larger error exists in the EMCM and FEM results when the guidance gap varies in a large range, which is mainly caused by the leakage fluxes. As previously described, the principal reason is that the effect for the leakage coefficient from guidance gap variation is not taken into account.
The characteristic of F l -I -s l presented in Fig. 10 is a curve surface, illustrating it's nonlinear within a large variation range of the control current and the guidance gap. While the guidance magnet is in the operation state, the control current and the guidance gap vary slightly and maintain near the nominal control current I 0 and the nominal guidance gap s 0 . The value of I 0 is 30A designed based on the guidance control system and the value of s 0 is 10mm determined by the dimension of vehicle. When 24A < I < 36A and 9mm < s l < 11mm, the characteristic of F l -I -s l is approximate a plane shown in Fig. 11 , which demonstrates that guidance force, control current and guidance gap possess a good linear relationship. Moreover, the smaller guidance gap variation has little influence on the leakage coefficient and the largest error between EMCM and FEM in Fig. 9 (b) is less than 8% which is acceptable. So based on the linearized equation (7), the characteristic of F l -I -s l can be expressed as 
The values of displacement stiffness K ls and current stiffness K li are −3.42kN/mm and 1.14kN/A respectively according to the formula (8) and (9) . Then the guidance force can be simplified as F l = −3.42s l + 1.14I + 17.12 (11) It's more convenient to calculate the guidance force through the linearized formula (11) with a small variation range. For example, when the guidance gap is 10mm and the control current is 32A, the guidance force can be calculated as 19.4kN. The guidance force under the nominal guidance gap and the control current is defined as the nominal guidance capability, which is 17.12kN for the left half of magnet. It's advantageous to the establishment of the control model, which will benefit the control system a lot. In fact, sometimes maglev train may be affected by strong crosswind or vibration, at that time the guidance gap and the control current will expand widely and perhaps exceed the range. Therefore, the impact from the non-linear characteristic of F l -I -s l should be still considered in the control model.
B. MOMENT ANALYSIS OF LEFT HALF AREA 1) MATHEMATIC MODELING
In section III. A., we assume that the left half magnet operates in an ideal state and the currents I 1 and I 2 of two control circuits are coincide. Actually when the guidance magnet is affected by a vibration shock, it may occur a rotation but not a translation. Hence it's difficult for the control currents I 1 and 2 to maintain synchronized, because the two circuits work independently with their own controller and sensors. While the magnet operating under a nominal guidance gap and control current rotates an angle θ around the -x direction shown in Fig. 5 , the upper guidance gap will become small resulting its flux density increase and the lower guidance gap will become large resulting its flux density decrease. Therefore, the upper force is larger than the lower one and a moment around the -x direction emerges which will make the magnet rotate further more. In this situation, the upper control circuit decreases the control current I 1 and the lower control circuit increases the control current I 2 in order to avoid the rotation. And then a restoring moment around the +x direction is produced and drives the magnet to the original position.
The guidance gaps can be expressed as
Assuming the current changes of I 1 and I 2 are same and the value is I . So the control currents can be expressed as
At this time, the fluxes of different guidance gaps can be calculated as
The moments produced by the upper and lower force are derived as
Subtracting M lu from M ld , the resultant restoring moment can be obtained
Referring to the guidance force, linearize the formula (18) and obtain a linearized equation of the moment.
The first and second coefficients of equation (19) are angular stiffness K mθ and tilting current stiffness K mi respectively and given by
Considering the computation efficient and precision, a 2D finite element model is built to validate the mathematical model of moment in this part. The Plane45 elements are applied and the nonlinear materials consistent with the ones in the 3D finite element model. As Fig. 12 shows, the restoring moment characteristics analyzed by EMCM are nearly identical with the FEM ones. When −10A≤I ≤10A and −2 • ≤θ≤2 • , the moment possesses a good linear relationship with the current change and angular deflection. The values of angular stiffness K mθ and tilting current stiffness K mi are −25.6kNm/rad and 0.148kNm/A respectively according to the formulas (20) and (21). Therefore the linearized equation (19) can be expressed as
The restoring moment can be estimated conveniently based on the formula (22) when the guidance magnet occurs a rotation. For example, when the angular deflection θ = 1 • and the current change I = 10A, the restoring moment M = 1.03kNm. 
C. GUIDANCE FORCE ANALYSIS OF RIGHT HALF AREA 1) MATHEMATIC MODELING
The separated equivalent magnetic circuit of the right half area is shown in Fig. 13 , which deffers from the left one. The equations (23) can be derived on basis of Kirchhoff's voltage and current law.
where the array
and s r = s ru = s rm = s rd . The vector consisting of the fluxes of different gaps
The vector consisting of the ampere turns
So the fluxes can be calculated as
Referring to the left area, the guidance force of the right area can be expressed as 
2) FEM MODELING
The characteristics of the right area is analyzed by the same FEM model presented in Fig. 8 . Similar to the left area, the characteristic of F r -I 3 analyzed by EMCM has a good agreement with the FEM one when the control current is less than 35A shown in Fig. 14. As the control current increases, the magnetic force calculated by EMCM becomes higher than the FEM one continually. For the characteristic of F r -s r , a larger error of guidance force exists between the EMCM and FEM results when the guidance gap varies in a large range and the reason has been mentioned in section III. A. 2).
Referring to the analysis of the left area, the formula of guidance force (25) can be linearized while the guidance magnet operates near the nominal control current I 0 and the nominal guidance gap s 0 . Therefore, when 24A < I 3 < 36A and 9mm < s r < 11mm, the characteristic of F r -I 3 -s r can be simplified as F r = −2.91s r + 0.97I 3 + 13.40 (26) The values of displacement stiffness K rs and current stiffness K ri are −2.91kN/mm and 0.97kN/A respectively. Under the same working condition with the left area (s r = 10mm, I 3 = 32A), the guidance force of the right area can be calculated as 15.34kN based on the equation (26), lower than the left area 19.4kN. It's because the left area includes 4 magnet poles and the right area just 3. One more magnet pole means more ampere turns and larger magnetomotive force. Moreover, the nominal guidance capability for the right area is 13.40kN and decreased by 21.7% compared to the left area 17.12kN, so the overall nominal guidance capability of the novel guidance magnet is 30.52kN.
IV. CONTRAST BETWEEN NOVEL AND CONVENTIONAL GUIDANCE MAGNETS
In this section, the performances of the novel and conventional guidance magnets are compared and the results are presented in Table 2 . Although one more magnet pole is added to the novel guidance magnet aforementioned, the overall weight is lower and decreased by 7.5% compared to the conventional one. The main reason is that the novel magnet pole is shortened dramatically from 892mm to 646mm and its weight is decreased by 23%. Simultaneously, the shorter magnet pole results in a smaller resistance. The resistance of the conventional pole is 0.92 and the resistance of the novel pole is just 0.62 . It's because that the total length of the coil band with a same section area become shorter due to the shorter iron core even though the coil turns increase. Therefore, the overall nominal power loss is decreased by 22% compared to the conventional one and the value is just 3.9kW, which can benefit the power supply system a lot. In addition, the lower power loss means a smaller heat generation rate and a lower temperature rise for the novel guidance magnet, which can improve its reliability and service life. It's the raise of magnet pole number and coil turns that improves the magnetic performance effectively. The nominal guidance capability can reach 30.52kN increased by 41.2% compared to the conventional one. The higher equivalent displacement stiffness −6.33kN/mm for the novel guidance magnet is not expected, but the higher equivalent current stiffness 2.11kN/A is advantageous to increase the responsiveness. The higher guidance capability and adjustment ability make it more appropriate to apply on high speed maglev train.
In contrast to the conventional magnet pole, it's easier to realize for the manufacture and quality control for the novel one. In the process of manufacture, the winding of coil is an important processing technology. For the conventional magnet pole, it's difficult to perform the winding and ensure the quality of coil due to its longer iron core. But for the shorter novel magnet pole, it becomes more convenient to perform the winding and guarantee a high quality.
V. PROTOTYPE AND EXPERIMENT
To validate the results calculated by two methods, a static performance experiment of the novel guidance magnet is carried out on an appropriative test bench. The prototype and the test bench are shown in Fig. 15 . The test results are recorded in Fig. 16 and Table 3 .
The test bench mainly consists of power supply system, hydraulic system, movable platform on which the guidance plate fixed and force sensors. Different systems cooperate with each other and perform smoothly under the control of a host computer. In the process of testing, the novel guidance magnet is installed on the mechanical components connected with the ground. The hydraulic system drives the movable platform vertically to realize the automatic adjustment of the guidance gap and maintain it 10mm. Three identical DC currents with a small initial value provided by the power supply system are acted in the three circuits of the novel guidance magnet respectively and increase step by step subsequently. The magnetic forces are detected by the force sensors acquiring the data at intervals of 5A.
As Fig. 16 and Table 3 show, the FEM result is nearly consistent to the test one. Two results have a similar rising trend, so it proves once again that the magnetic saturation will appear in the ferromagnetic materials and the guidance force will rise slowly when the control currents exceed 35A. The maximum error of guidance force between FEM and test results is about 7.6% occurring at control current 50A. Through preliminary analysis, the main reasons are as follows. 1) The material properties for FEM and prototype is a little different. 2) There exists a mechanical error from test bench at the adjustment of guidance gap.
VI. CONCLUSION
In this paper, a novel guidance magnet applied in high speed maglev train is proposed, whose performances are analyzed in detail and compared with the conventional one. Analysis results indicate that the novel guidance magnet possesses more excellent performance.
1) The mathematic model and finite element model are established to analyze the magnetic characteristics carefully. The results calculated by EMCM and FEM are verified by the static performance experiment on the test bench indicating that the analysis results are reasonable.
2) The overall weight is reduced with a new structure even though one more magnet pole is added. The lightweight design can largely reduce the levitation load and benefit the levitation system. 3) The resistance is decreased due to the shorter magnet pole, leading to a lower power loss. On the one hand it can economize the power supply capacity, on the other hand can lower the temperature rise and improve the service life. 4) The guidance capability is strengthened as a result of the raise of coil turns and pole number. Thus it can counterbalance more serious lateral loads from the crosswind or other disturbances and contribute to the stability of maglev train better.
In conclusion, the novel guidance magnet with light weight, low power loss, low temperature rise and high guidance capability can improve the operating condition effectively. It has been currently applied on the high speed maglev train successfully and provides the foundation and guarantee for the further improvement of the operation speed in the future. 
